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I felt both humbled and uplifted by the woodpecker’s flight. 
—David George Haskell, The Forest Unseen 
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Dedication 
This thesis is dedicated to the red-headed woodpecker, a species I came to know intimately over 
the course my fieldwork.  One would be hard-pressed to find a more fascinating, charismatic or 
attractive bird to study.  I hope others come to know and appreciate this species, as I have.  The 
red-headed woodpecker’s instrumental role as a primary cavity excavator in the Eastern 
Deciduous Forest benefits a whole host of woodland species.  But it is not from their functional 
role alone that this species, or any other species, derives its value.  The red-headed woodpecker’s 
curiosity, spunk and beauty have inspired prominent ornithologists in the past.  Recognition of 
their value—both instrumental and intrinsic—through the adoption of a conservation ethic, will 
ensure they continue to inspire us in the future. 
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ABSTRACT 
The red-headed woodpecker is a primary cavity excavator found throughout the Eastern 
Deciduous Forest and parts of the Great Plains.  Although widespread, the red-headed 
woodpecker is generally considered uncommon, with patchily distributed populations.  Over the 
past 50 years, this species has experienced precipitous, range-wide declines.  The red-headed 
woodpecker uses a variety of cover types to meet resource needs across the annual cycle, ranging 
from oak savannas and wetlands, to mature beech forests and urban parks.  Given their apparent 
adaptability to such a wide range of habitats, causes of declines are perplexing.  To understand 
and stem declines, recent studies have focused on quantifying this species’ habitat requirements.  
Most of these studies have focused on a single cover type, often open forests, during the breeding 
season.  However, effective management requires comprehensive knowledge of red-headed 
woodpecker habitat needs in a variety of cover types across the annual cycle. 
 My thesis seeks to address this knowledge gap.  I studied red-headed woodpecker habitat 
selection during both the breeding and non-breeding seasons at Fort A.P. Hill (FAPH) in 
Caroline County, Virginia.  FAPH contains a variety of cover types that red-headed woodpeckers 
are known to use for breeding and overwintering, including: wetlands, open forests and closed 
forests.  In Chapter 1, I investigated winter roost-site selection of red-headed woodpeckers in a 
burned forest stand.  My study was the first to quantify winter habitat selection for this species.  
My aim was to identify variables driving winter roost-site selection at two relevant spatial scales, 
and estimate their parameter weights using logistic regression.  I found that red-headed 
woodpeckers preferred habitat around the roost tree that contained a higher basal area of snags 
and mast-producing trees.  They differentially selected roost trees based on taxon and decay 
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state.  My results indicate that managers should adopt practices that promote snag generation and 
retention, and mature oak recruitment. 
 In chapter 2, I focused on red-headed woodpecker breeding season habitat requirements, 
as many other studies have done.  However, unlike other studies that investigated habitat 
selection within a single cover type, I found and characterized nest-sites in three distinct cover 
types (wetlands, closed forests, open forests).  I used a comparative approach to identify cover-
type specific nest-habitat thresholds at the landscape, patch and tree scales using boosted 
regression trees (BRT).  Although models at the landscape scale inadequately discriminated 
between nest and available sites, models at the patch and tree scales achieved excellent 
discrimination ability.  I found that red-headed woodpeckers are consistent in their preference for 
a number of habitat features at the patch (high medium/large snag density, open canopy) and tree 
(large diameter tree with less bark) scales, irrespective of cover type context.  However, I also 
found cover-type specific habitat preferences at the patch scale, indicating red-headed 
woodpeckers are flexible in their selection of features surrounding the nest and responsive to the 
broader habitat context.  My findings suggest that there are a number of habitat features that 
facilitate breeding for red-headed woodpeckers generally, and management that promotes these 
features will be effective in a variety of habitat contexts.  They also indicate that management 
can be tailored to provide the most suitable habitat for each of these three commonly used cover 
types. 
 Together, Chapters 1 and Chapter 2 expand our knowledge of this declining keystone 
species’ habitat needs across the full annual cycle.  But there is still much to know.  The choices 
of habitat selection have consequences.  Determining the conditions under which habitat features 
function to either help or harm populations is a necessary next step.  While not a part of this 
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thesis, I am currently investigating the factors that drive nest success among cover types, linking 
breeding-site selection to population dynamics.  I also have behavioral data that will help reveal 
the mechanisms that either facilitate or constrain the exploitation of food resources across cover 
types.  Finally, the red-headed woodpecker is a facultative migrant that often shifts habitat 
associations to take advantage of seasonally available resources.  Data from my point count 
surveys—conducted over two successive winter and summer seasons—allow for development of 
dynamic occupancy models.  Modeling shifts in occupancy across seasons will show the habitat 
factors underlying seasonal shifts. Site-specific differences in colonization, extinction and 
frequency of occupancy, within seasons but across years, will further our understanding of what 
constitutes habitat quality for this species, in both the breeding and non-breeding seasons. 
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Abstract 
 
In temperate regions, winter is characterized by high thermoregulatory demands and low 
food availability. For woodpeckers, winter survival depends on selecting habitat that provides 
both suitable roost trees and adequate food. The Red-headed Woodpecker (Melanerpes 
erythrocephalus) has experienced precipitous declines across much of its range in the past fifty 
years, yet causes of declines remain elusive. Though previous studies have focused primarily on 
the breeding season, understanding winter roost-site requirements is crucial for the maintenance 
of Red-headed Woodpecker populations across the full annual cycle. Our study investigated 
winter roost-site characteristics at three spatial scales (roost patch, tree and cavity) in a 41 ha 
fire-affected forest stand located in Northern Virginia. From February to April of 2016 we 
tracked Red-headed Woodpeckers to 42 roost sites during evening surveys. To determine the 
features driving roost-site selection, we compared vegetation surrounding the roost to random 
sites within the same forest stand, and occupied roost snags were compared to the closest 
available snag. Cavity height and orientation were also examined. We modelled roost-site  
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selection at both the patch and tree scales using logistic regression and identified important 
variables and their influence by estimating regression coefficients and their model-averaged 
parameter weights. Habitat within the patch surrounding roost trees had higher basal area of 
snags and mast-producing trees compared to random sites. Red-headed Woodpeckers selected 
roost snags with signs of decay and showed preferences based on snag taxon. Our findings 
indicate that managing land that produces and retains both snags and mature mast-producing 
trees will benefit overwintering populations of Red-headed Woodpeckers. This study provides 
the first detailed analysis of winter roost-site selection in this declining species. 
Key Words: fire ecology, full annual cycle, Red-headed Woodpecker, roost-site selection, snag 
dynamics, winter habitat use, winter roost 
 
Introduction 
Understanding species habitat relationships is essential for conservation. Habitats provide 
resources necessary for survival and reproduction, and the quantity and quality of those resources 
affect populations (Johnson 2007). The vast majority of studies on species-habitat relationships 
in vertebrates have focused on the breeding season (Marra et al. 2015). One reason for this bias 
is the link between breeding habitat and reproductive output–a key demographic parameter 
regulating populations. However, species requirements change across seasons and life history 
stages. Narrowly focusing on one season risks missing key habitat dependencies at other times of 
the year (Fuller 2012). For most vertebrates, the opportunity to breed comes only after surviving 
a relatively long non-breeding period (Marra et al. 2015). The availability and quality of non-
breeding habitat has been shown to affect survival (Siriwardena et al. 1998, Smith et al. 2014, 
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Cirule et al. 2017) and even have consequences for performance during the subsequent breeding 
season (Marra 1998, Norris et al. 2004, Duriez 2012). Hence, knowledge of habitat requirements 
during the non-breeding season is necessary to promote conservation across the full annual cycle. 
Within the non-breeding season, winter is a particularly harsh period in temperate regions 
and poses a survival challenge. Winter is characterized by reduced food availability and 
increased thermoregulatory demands. Periods of increased energetic demands are linked to 
increased mortality (Newton 1998) and the availability of winter habitat that provides resources 
to meet these demands (i.e. food, shelter) can limit populations (Siriwardena et al. 2000).  
To survive the rigors of winter, shelter is key. Shelter comes in various forms, but for 
many species, the preferred form is a hollowed-out cavity in a tree. Tree cavities provide shelter 
from wind and rain (Cooper 1999), protect against predators (Mainwaring 2011), and produce 
microclimates that are buffered from extreme temperatures (Paclik et al. 2007, Coombs et al. 
2010, Grüebler et al. 2014). While a variety of taxa take advantage of tree cavities for shelter, the 
creation of these cavities is the province of primary cavity excavators: the woodpeckers. 
Woodpeckers are considered a keystone guild in forested regions, as the cavities they excavate 
are used by up to a third of all non-excavating vertebrate taxa (Bunnell et al. 1999). Thus, 
managing forested habitat in a way that promotes woodpecker populations benefits the entire 
overwintering community. 
The Red-headed Woodpecker (Melanerpes erythrocephalus) is a primary cavity 
excavator of the eastern deciduous forest that has experienced 68 percent range-wide population 
declines over the past 45 years (Rosenberg et al. 2016). Declines have resulted in a ‘species of 
continental concern’ designation by Partners in Flight (Rosenberg et al. 2016), prompting 
research into the causes of declines. Recent breeding season studies suggest loss and degradation 
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of breeding habitat (Brawn 2006), interactions with predators (Koenig et al. 2017) and non-
native competitors and susceptibility to ecological traps (Frei et al. 2013) are all possible factors.  
Although recent work has improved our understanding of this species’ habitat needs 
during the breeding season, quantitative studies of habitat selection during the winter are scarce 
(Doherty et al. 1996). This presents a serious knowledge gap, as habitat needs of Red-headed 
Woodpeckers change over the annual cycle. During the summer months, Red-headed 
woodpeckers rely on open habitats that provide space for aerial foraging (Brawn 2006, Kilgo and 
Vukovich 2012, Berl et al. 2015). As insects become scarce in the fall and winter, their diet 
undergoes a concomitant shift to hard mast (i.e. beech nuts and acorns) (Frei et al. 2017). Red-
headed Woodpeckers are responsive to mast availability during fall migration and may select 
overwinter sites with high mast tree density (Bock et al. 1971, Smith and Scarlett 1987). Snags 
are an important resource throughout the year, but the characteristics of snags selected by 
woodpeckers for breeding have been shown to differ from those selected for roosting (Aubry and 
Raley 2002). Therefore, habitat characteristics associated with breeding success are expected to 
differ from those associated with overwinter survival. We need detailed knowledge of habitat 
requirements across the full annual cycle to understand and mitigate the current population 
trends. 
To address this knowledge gap, we studied Red-headed Woodpecker winter habitat 
associations. Our aim was to determine the features that drive winter roost-site selection at the 
patch, tree and cavity scales. Winter habitat selection determines the availability and quality of 
food and shelter resources, which has consequences for survival. We expected that Red-headed 
Woodpeckers would select winter roost sites with characteristics that promote their survival. We 
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provide–for the first time–a detailed analysis of winter roost-site selection in this declining 
keystone species. 
Methods 
Study Site.—We studied Red-headed Woodpeckers during the winter of 2016 at Fort A.P. Hill 
(FAPH), a 30,200 hectare military installation in northwest Caroline County, Virginia. FAPH is 
managed for multiple uses: timber harvest, levy construction and prescribed fire are used as tools 
to open corridors for troop activities and create successional habitat for game species. Intensive 
management at FAPH–combined with natural the diversity of the region–resulted in a variety of 
cover types including: beaver swamps, mixed closed-canopy forest, oak woodland and pine 
savanna. 
 Although Red-headed Woodpeckers occupy many of the cover types available at FAPH 
in winter, we chose to limit the scope of our study to a 41 ha focal stand. Within our focal stand, 
a habitat gradient exists, ranging from mostly closed pine-oak forest in the northern portion of 
the stand, opening gradually, and changing composition from oak to pine in the south (Fig. 1). 
The shrub layer is dominated by Vaccinium species. Variation in vegetation across our focal 
stand resulted, in part, from its management history. In March of 2014 a high-intensity 
prescribed fire moved through the stand and created a burn mosaic. This added complexity to the 
existing habitat gradient and created a pulse of snags. The availability of snags for roosting, 
combined with variability in habitat, provided options for Red-headed Woodpeckers to choose 
from, presenting us with a unique opportunity to investigate their winter roost-site preferences. 
Roost Data Collection.— Between 16 February and 6 April 2016 we systematically surveyed our 
focal stand for Red-headed Woodpeckers to locate their winter roosts. To ensure adequate 
coverage of the entire focal stand, we split it into 39, 1 ha grid cells using the fish net feature in 
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ArcGIS 10.3 (ESRI 2014) and situated a survey location at the center of each grid cell (Fig. 1). 
We conducted evening surveys at each of these 39 survey locations, starting 45 minutes before 
sunset and ending after either (1) we saw a Red-headed Woodpecker enter a roost cavity, or (2) it 
was too dark to see woodpeckers.  While waiting for Red-headed Woodpeckers to roost, we 
mapped winter territories of all individuals observed within our survey grid cell using a modified 
spot mapping method (Bibby et al. 2000). We resurveyed points where Red-headed 
Woodpeckers were detected, but their roosts were not found. We also found some roosts 
opportunistically, by tapping a potential roost snag with a stick, on mornings when light drizzle 
kept the birds in their roosts past sunrise. Waypoints for all roost locations were taken using a 
hand-held GPS unit (Garmin International, Inc. Olathe, KS). Since our survey duration was long 
(≥45 min.), repeated when individuals were detected but no roost was found, and our sample area 
was relatively small (1 ha) for each survey; we are confident that we located the vast majority of 
winter roosts in our focal stand. 
Habitat Measurements.— We measured roost-site attributes at the patch, tree and cavity scales. 
To quantify the characteristics of the roost patch, we established an 11.3-m-radius circular plot 
centered on the roost tree, following a modified version of the methods in Martin et al. (1997). 
For each 11.3-m-radius plot, we recorded the number of living trees and snags (standing dead 
trees) ≥ 10 cm diameter at breast height (dbh) and ≥ 5 m in height. We created six species 
categories: beech, pine, red oak, white oak, other hardwood and snag; we then identified each 
tree to its category and measured its dbh. We tallied smaller trees and shrubs as well as snags 
measuring < 10 cm dbh, but ≥ 2 m in height. At the tree scale, we measured the roost tree’s dbh, 
height, number of dead limbs ≥ 10 cm diameter and ≥ 1 m long, number of suitable cavities 
(approximately ≥ 4 cm and < 15 cm in diameter), tree condition (live or dead), crown condition 
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(intact or broken) and percent bark on the bole. At the cavity scale, we measured the height and 
orientation of the roost cavity.  
 To compare selected roost patches to available roost patches within our focal stand, we 
established 42 random points using the ‘random points’ feature in ArcGIS 10.3 (ESRI 2014). To 
make sure that we did not overlap our vegetation measurements, we set the minimum distance 
between roost locations and random points to 32.6 m. All habitat measurements for the plots 
centered on random points were the same as for plots centered on roost trees. To compare roost 
trees to available trees, we measured characteristics of the snag (≥10 cm dbh, ≥5 m height) that 
was the shortest distance from the roost snag. Red-headed Woodpeckers are weak excavators and 
require decadent substrates to excavate their cavities (Bent 1939), so comparing a random tree to 
the roost tree would not be appropriate. We measured the same features for the closest snag as 
for the roost snag. 
Statistical Analyses.— We used logistic regression to determine which variables drove roost-site 
selection at the patch and tree scales. Variables included were based on hypotheses about the role 
each variable plays in influencing roost-site selection (Table 1). At the patch scale, many of our 
variables were correlated (r ≥ 0.5), so we chose a single variable from a pair of correlated 
variables to include in our models (Quinn and Keough 2002). To reduce variables and minimize 
multicollinearity, we computed combined variables for tree taxa (i.e. white oak, red oak and 
beech were combined into a mast tree category) and used basal area as the preferred measure for 
tree density, as it scales density by diameter. We standardized values from this subset of 
predictor variables and used them to model the odds that a patch contained a Red-headed 
Woodpecker roost. We used the R package ‘glmulti’ (R Development Core Team 2016; 
Calcagno 2013) to develop a fully parameterized global model and all possible subsets of 
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reduced models. All model terms are equally frequent in the model set, allowing for balanced 
model averaging (Anderson 2008, Arnold 2010). The global model included four parameters: 
snag basal area, mast tree basal area, non-mast tree basal area and a term for the interaction of 
snag basal area with mast tree basal area. Since our primary objective was to determine the 
relative influence of predictor variables on roost-patch selection, instead of identifying a single 
‘best’ model from a pre-established model set, we used model averaging to sum AIC model 
weights across all models for each predictor variable included. We computed the model averaged 
parameter estimates, their 85% confidence intervals and cumulative model weights. This 
approach allowed us to minimize the effect of uninformative parameters, while still considering 
all variables of interest (Burnham and Anderson 2002, Arnold 2010). We used Wilcoxon rank 
sum tests to compare patch variables between roost and available patches due to non-normality. 
We used a similar logistic regression approach for our analysis of roost-tree selection. At 
the tree scale, we included a nominal variable for tree taxon, and four continuous variables: dbh 
of the roost tree, number of dead limbs, crown condition, and percent bark. To include a nominal 
variable, we dummy coded tree taxon into four binary variables accounting for each tree taxon, 
except red oak–the most common taxon–which we used as the reference on which the other four 
variables were interpreted (Quinn and Keough 2002). All possible models were run and 
compared, as above, and we computed the model averaged parameter estimates, their 85% 
confidence intervals and cumulative AIC model weights. To quantify differences between the 
roost snag and the closest available snag: we compared the number of cavities, number of dead 
limbs and percent bark using Wilcoxon rank sum tests due to non-normality; we compared dbh 
and tree height using t-tests; and we compared tree taxon using Fisher’s exact test and 
standardized residuals. 
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To investigate preferences for cavity placement, we considered both cavity orientation 
and height. We used the Rayleigh test of uniformity to determine if cavity orientation differed 
from random (Batschelet 1981). Cavity height is limited by roost tree height, so mean cavity 
height does not indicate a preference for cavity height per se. To explore the partial dependent 
relationship between cavity height and tree height, we regressed the cube-root transformed cavity 
position (e.g. distance from the top of the roost tree) against tree height and used our model to 
predict cavity height from tree height.  
All analyses were performed in R 3.3.2 and RStudio 1.1.383 (R Core Development Team 
2016; RStudio Team 2015). We used the R package suite ‘tidyverse’ to manipulate data and 
create plots (R Core Development Team 2016; Wickham 2017). We based p-values on two-
tailed tests. When data were not normally distributed, we used non-parametric tests and report 
the median and the interquartile range (IQR). Otherwise, we used parametric tests and report the 
mean ± standard deviation (SD). We report 85% confidence intervals, instead of the standard 
95%, to be fully compatible with AIC (Arnold 2010). 
Results 
We found 42 Red-headed Woodpecker roosts during the winter of 2016. We found at least one 
roost for every 1 ha grid we surveyed where a Red-headed Woodpecker was detected. Roost 
density for occupied grids was 1.83 ha-1, and overall density in the focal stand was 1.02 ha-1. 
Roosts were primarily located in the denser mixed woods in the northern part of the focal stand, 
with clustering in areas with abundant snags and oaks (Fig. 1). 
Habitat Measurements.— Density plots show that roost sites differed from available sites at the 
patch scale (Fig. 2). Roost patches had higher mast tree basal area (11.74 m2ha-1, IQR = 6.62 to 
22.19) compared to available patches (2.82 m2ha-1, IQR = 0.00 to 9.97, W = 457.00, P < 0.001), 
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while non-mast tree basal area was lower in roost patches (3.82 m2ha-1, IQR = 0.74 to 5.77), 
compared to available patches (7.21 m2ha-1, IQR = 3.74 to 15.35, W = 1260.50, P < 0.001). 
However, combined basal area of all living trees did not differ between roost (16.98 m2ha-1, IQR 
= 9.97 to 26.60) and available patches (13.98 m2ha-1, IQR = 6.96 to 22.20, W = 771.0, P = 
0.323). Snag basal area was higher in roost patches (5.54 m2ha-1, IQR = 3.06 to 7.89) than in 
available patches (0.38 m2ha-1, IQR = 0.00 to 2.05, W = 326.00, P < 0.001). Results from 
statistical tests comparing basal area for our tree taxa categories were comparable when tree 
density (number of trees ha-1) was used instead of basal area, so we only report the latter. 
Structural differences between patches at the shrub level were also significant: roost patches had 
fewer small trees and shrubs (12.46 m2ha-1, IQR = 0.00 to 137.11) than available patches (349.00 
ha-1, IQR = 43.62 to 860.03, W = 1265.00, P < 0.001). Roost patches had more dead limbs 
(99.71 ha-1, IQR = 56.09 to 230.59) compared to available patches (49.86 ha-1, IQR = 0.00 to 
99.71, W = 537.50, P = 0.002).  
 Roost-sites also differed at the tree scale. Roost snags differed from the closest snag 
taxonomically (P = 0.003), with Red Oaks selected (std. residual = 2.03) and Virginia Pines 
avoided (std. residual = -2.99) by Red-headed Woodpeckers (Fig. 3a). Crown condition differed 
between roost snags and the closest snag, with roost snags having a greater proportion of broken 
crowns (Fig. 3b)(P = 0.003). Roost snags tended to be larger in diameter (31.27 ± 11.58) than the 
closest available snag (Fig. 3c)(25.87 cm ± 7.91, t = -2.19, P = 0.031), but this difference was not 
significant after adjusting for multiple testing (α = 0.01). They did not differ in the percentage of 
bark (75 %, IQR = 40.00 to 80.00 vs 60 %, IQR = 26.25 to 90.00, W = 922.00, P = 0.722), and 
neither roost snags nor closest available snags tended to have dead limbs (0.00, IQR = 0.00 to 
0.00 vs 0.00, IQR = 0.00 to 0.00, W = 819.50, P = 0.604). 
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 Roost cavity height varied (10.45 ± 3.68), but was limited by roost snag height (12.72 ± 
5.58). The roost cavity was often near the top of the roost snag (median distance = 0.50 m, IQR = 
0.20 to 2.30). Our regression analysis indicates roost snag height explained 51.9% of variability 
of cavity height relative to the snag top (R2 = 0.519, F1,40 = 43.24, P < 0.001). Since our aim was 
to determine if Red-headed Woodpeckers have a preference for cavity height per se, we used our 
regression model to predict cavity height over the range of roost snag heights we measured (Fig. 
4) (range = 2.8 to 26.8 m). Cavity orientation did not differ from random (z = 0.1317, P = 0.512). 
Variables driving roost-site selection.—Our two roost-site selection model sets were constructed 
from variables hypothesized to be important for this species at either the patch or tree scale. At 
the patch scale, the most important variable was snag basal area, followed by mast basal area and 
non-mast basal area (Table 2). The interaction term for mast basal area * non-mast basal was the 
least important. Model averaged adjusted odds ratios show Red-headed Woodpecker roost-site 
selection was positively influenced by snag basal area and mast basal area, while non-mast basal 
area had a negative effect. The odds of a patch containing a Red-headed Woodpecker roost 
increased 3.12 times for each SD (3.91 m2ha-1) increase in snag basal area. A single SD (10.69 
m2ha-1) increase in mast tree basal area more than doubled the odds of a patch containing a roost. 
To the contrary, a SD (6.54 m2ha-1) increase in non-mast tree basal area decreased the odds of a 
patch being a roost patch by 43%. We interpret the influence of the interaction of mast basal area 
and snag basal area as insignificant, as the 85% CI for the parameter estimate contains 1. 
Crown condition was the most influential variable at the tree scale, followed by tree 
taxon (e.g. Virginia Pine in reference to Red Oak) and dbh. Snags with intact crowns had a 
negative influence on roost-snag selection, as did Virginia Pine in reference to Red Oak. A snag 
with an intact crown decreased the odds of being a roost snag by 90%. Similarly, a snag that was 
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a Virginia Pine decreased the odds of that snag being a roost by 89% compared to a Red Oak 
snag. While DBH increased the odds of a snag being a roost by 1.60 times, the confidence 
interval around this parameter estimate at the 0.85 level marginally includes 1, so we do not 
claim a positive effect. The remaining variables were less important and all had parameter 
estimates with 85% confidence intervals that contain 1, and are therefore interpreted as 
uninfluential. 
Discussion 
While other studies have described Red-headed Woodpecker habitat use in the winter, 
ours is the first to quantitatively assess winter roost-site selection. We found Red-headed 
Woodpecker roost sites differed from random sites in many of the characteristics we measured.  
At the patch scale, we found both mast and snag basal area positively influenced winter roost-site 
selection. The roost trees selected by Red-headed Woodpeckers in this study were almost 
exclusively snags: of the 42 roosts we found, only one was in a living tree. Red-headed 
Woodpeckers are weak cavity excavators, and depend on dead wood in order to create roost 
cavities (Bent 1939). It is not surprising, then, that snag availability limits winter roost site 
selection. But why does increasing snag basal area markedly increase the odds of a patch being 
selected as a roost site, when one snag should suffice? Kilham (1958b) observed that Red-headed 
Woodpeckers overwintering in Maryland had a primary roost and at least one alternate roost, 
suggesting that the availability of alternate roosts is important. Selecting a patch with many 
snags hedges against structural failure or usurpation of any particular snag, which would 
otherwise leave a woodpecker out in the cold.  
 Beyond functioning as potential roost sites, snags also act as substrates for storing mast 
(Hay 1887). Red-headed Woodpeckers are hoarders, collecting acorns and beech nuts in the fall, 
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depositing them centrally near their roost, then redistributing them among various cache sites 
within their territories (Kilham 1983, Doherty et al. 1996). Kilham (1983) found this behavior 
prudent, as mast stores are subject to pilfering from Red-bellied Woodpeckers, Blue Jays and 
mammals. Scattering acorns among many cache sites insures against catastrophic loss: this is the 
aphoristic ‘eggs in one basket’ hypothesis. Cracks in snags and dead limbs often serve as 
important storage substrates (Doherty et al. 1996). In our study, we found dead limbs to be more 
common in roost patches compared to available patches, and B Nickley often observed Red-
headed Woodpeckers re-storing acorns in snags and dead limbs. They used these same substrates 
as ‘anvil’ sites, to break apart acorns for scattering or eating. Snags and limbs therefore facilitate 
the storage and processing of mast crops. 
There are many anecdotal accounts of the link between mast tree crops and Red-headed 
Woodpecker distribution in the literature, but few empirical studies of this relationship. We 
found that mast tree basal area positively influenced winter roost-site selection. Our results are 
consistent with Smith and Scarlett (1987), who showed Red-headed woodpecker abundance was 
positively correlated with acorn production for 17 counties in Missouri. Similarly, Graber et al. 
(1977) observed a strong positive relationship (r = 0.909 for 1975 and r = 0.961 for 1976) 
between Red-headed Woodpecker numbers and oaks of acorn-bearing size (≥ 10 cm dbh) in 
Illinois for the winters of 1975 and 1976. In our study, we did not estimate mast production, but 
similar to Graber et al. (1977), used mast producing trees (≥ 10 cm dbh) as a proxy for the mast 
crop itself. Mast production is often synchronized within closely related species over local to 
regional spatial scales (Koenig and Knops 2005), so within a given year, the abundance of mast 
trees is a good indicator of the mast crop.  
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 Selecting roost patches with abundant mast trees may limit energy expenditures during 
acorn gathering in the fall. Close proximity between mast trees and storage sites limits the flight 
distances required to gather acorns and frees up time for harvesting and storing. MacRoberts 
(1975) and Doherty et al. (1996) both observed that mast harvesting occurred primarily from 
within well-defined and strictly defended territory boundaries, precluding extraterritorial 
gathering. Thus, selecting a winter territory with an adequate supply of mast trees was 
imperative, as the entire winter food supply depended on it. However, Kilham (1958b) and 
Moskovits (1978) observed that mast trees were often situated outside of territory boundaries, in 
undefended communal areas. Still, proximity to mast trees remains important, as having a 
territory adjacent to a communal gathering site limits aggressive interactions associated with 
crossing territory boundaries.  
 Though the interaction between snag basal area and mast basal area was not an important 
predictor of roost patch selection in our models, the additive influence of these resources was 
clear. The combination of mast trees and snags at the north end of our focal stand correlated with 
a high density of roosts (1.83 roosts ha-1) and small territories in that area (Fig. 1). Overall Red-
headed Woodpecker density (1.02 roosts ha-1) in our focal stand was similar to winter territory 
sizes observed by Moskovits (0.97 ha ± 0.3) (1978) and MacRoberts (1.0 ha ± 0.2) (1975). 
Several authors have suggested that Red-headed Woodpecker winter territory size may be 
compressible based on the abundance of resources (Kilham 1958b, MacRoberts 1975, Moskovits 
1978, Doherty et al. 1996). Johnson et al. (2006) demonstrated that winter habitat quality 
correlated with territory density for American Redstarts overwintering in Jamaica. The clustering 
pattern of roosts in our focal stand, along with the selection for patches with abundant resources 
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suggests woodpecker density indicates winter habitat quality for Red-headed Woodpeckers, 
although data on overwinter survival is needed to confirm this (Van Horne 1983). 
Winter territories that are densely packed with resources can be relatively small, while 
still providing winter needs (Doherty et al. 1996). Smaller territories with concentrated resources 
are more economical to defend than large territories with diffuse resources (Brown 1964). 
Economizing defense may be particularly important for Red-headed Woodpeckers because they 
vigorously defend their territories, not only from conspecifics, but from a whole host of mast-
dependent species (Frei et al. 2017). Moskovits (1978) observed frequent aggressive encounters 
between Red-headed Woodpeckers defending mast stores and intruders. Moreover, attacks on 
heterospecifics were in proportion to their reliance on mast as a winter food source. Defending a 
territory against conspecifics is task enough for many species, even in the breeding season when 
resources are less limited (Brown 1964, Marler et al. 1995). The prospect of defending a territory 
against an entire guild–during a period of limited resources–places a strong pressure on Red-
headed Woodpeckers to economize on defense by selecting patches with clustered resources. 
These patches may also be targeted by migrating individuals making settlement decisions in the 
fall, as they are more conspicuous (Saab and Dudley 1998). Therefore, areas with high resource 
density may limit winter habitat selection in this species and influence overwinter survival. 
 In addition to preferences for habitat characteristics surrounding the roost patch, we show 
that Red-headed Woodpeckers are sensitive to fine-scale differences among potential roost trees 
within their winter territories. Tree condition, specifically broken crown status, greatly increased 
the odds of a snag being a roost. While we are unaware of any studies that investigated winter 
roost tree preferences for Red-headed Woodpeckers, Hudson and Bollinger (2013) observed that 
nest chambers were more frequently excavated in snags with broken crowns. Broken crowns 
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expose heartwood and gather moisture, forming a suitable substrate for colonization of 
lignicolous fungi, responsible for heartwood softening (Haggard and Gaines 2001, Jackson and 
Jackson 2004). We found roost cavities were often located within 0.5 m from the top of a broken 
snag, supporting the view that trees with broken crowns are selected because wood softness near 
a broken crown facilitates cavity excavation.  
Although decay makes cavity excavation easier, it also compromises the structural 
stability of the snag (Thomas et al. 1979) and limits the thermal benefits of the roost or nest it 
contains (Coombs et al. 2010). But the benefits of advanced decay may outweigh the costs for 
winter roost-tree selection, in contrast to nest-tree selection, for this species. Winter roost 
excavation occurs simultaneously with the most active period of hard mast collection and 
caching in the fall (Moskovits 1978). Selecting a roost tree that is easier to excavate frees up time 
to gather mast. While speed of excavation may drive selection in winter, stability of the snag is 
likely more important in summer. Nest chambers are larger, and take longer to excavate than 
roosts, because their purpose is to hold an entire brood, in addition to the excavator (or its mate). 
Nest chambers represent a greater investment–both in terms of their construction costs and with 
respect to their contents. If a nest snag falls during the breeding season, it results in the loss of a 
hard-wrought nest chamber and the brood. It is therefore more important to select a less decayed 
snag that has a high probability of lasting through the breeding season. For roosts, on the other 
hand, stability is less of a concern, provided other suitable roost sites are within the winter 
territory. This may also be why we did not find dbh to be a significant predictor of winter roost 
trees. Although Red-headed Woodpeckers prefer larger diameter snags during the breeding 
season for their structural support (Vierling and Lentile 2006, Berl et al. 2015), the necessity of 
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finding a snag that can be quickly and efficiently excavated may override preferences for larger 
diameter snags in the winter.  
 Not only did Red-headed Woodpeckers select roost trees based on crown condition, they 
also discriminated among available snags taxonomically, with a clear preference for Red Oak 
and against Virginia Pines. Taxon-specific rates of wood decay may underlie this preference. 
Some tree species produce defensive chemicals that inhibit fungal growth and slow the process 
of decay, even after death (Campbell and Clark 1960). Specifically, Harmon (1982) found that 
heartwood in oaks decayed at a faster rate than pines in the southern Appalachians. However, it 
is important to consider that decay in wood is a continuum (Cain 1996). The preference we 
observed for Red Oaks in 2016 may shift to Virginia Pines, as Red Oaks decay further and 
become too unstable and porous to provide shelter, while Virginia Pines decay enough to allow 
excavation.  
 Contrary to our predictions, percent bark and cavity orientation had no influence on roost 
snag selection. Red-headed Woodpeckers have been shown to prefer smooth snags as nest sites 
during the breeding season, possibly to inhibit access from ground predators (Hudson and 
Bollinger 2013). Withgott (1994) showed that trees with less bark were less likely to be predated 
by snakes. During the winter, predation from ectothermic snakes is unlikely. Additionally, 
mammals likely pose less of a threat to roosting adult Red-headed Woodpeckers, with the ability 
to flush and escape predation, than they do their eggs and chicks.  
 With regard to roost cavity orientation, south-facing cavities are warmer on average 
(Wiebe 2001, Coombs et al. 2010), and woodpeckers in Northern latitudes tend to orient cavities 
toward the south (Landler et al. 2014). But factors other than solar radiation influence the 
thermal properties of the roost cavity. Covert-Bratland et al. (2007) found that Hairy 
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Woodpeckers excavated cavities that oriented away from prevailing winter winds, rather than 
toward the sun. Also, Red-headed Woodpeckers may be limited in their ability to orient a cavity 
based solely on thermal benefits, as wood hardness likely factors into their decision (Jackson and 
Jackson 2004). 
 The location of the roost cavity is determined by both orientation and height. Optimal 
cavity height is thought to vary from species to species based a variety of ecological factors 
(Jackson and Jackson 2004). Covert-Bratland (2007) found Hairy Woodpecker winter roost 
cavities were 8 ± 2m from the ground, while tree height was 18.9 ± 2.7m. In that study, cavities 
were not limited by tree height, and the mean cavity height accurately reflects cavity height 
preference. In our study, cavity height was limited by roost tree height, with cavities on shorter 
snags often situated near the top of the snag. To determine a preference for cavity height per se, 
we modelled cavity distance from the top of the snag as a function of tree height. Our median 
cavity height was 9.6 m, however predictions of cavity height from our regression model 
asymptote near 15 m (Fig. 4). We believe this better represents optimal winter roost cavity height 
for Red-headed Woodpeckers than the median. 
 Our focal stand allowed us to study preferences in roost-site selection at three spatial 
scales across an environmental gradient. However, Red-headed Woodpeckers occupy other 
habitats in winter; therefore, we do not suggest that the relationships we found will hold in all 
contexts. To the contrary, we acknowledge the uniqueness of our focal stand. The high-intensity 
fire in 2014 created a pulse of snags: equivalent snag abundances are unlikely to occur in 
undisturbed habitats. Yet undisturbed mature forests are also used by overwintering Red-headed 
Woodpeckers, and may have advantages over disturbed areas for winter roosting. As part of 
another study, we found high densities of Red-headed Woodpeckers at FAPH during winter 
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surveys (B. Nickley, unpubl. data), in an undisturbed, forested ravine dominated by mature beech 
trees and containing several oak species. The selection of roost sites in this stand is likely 
different from that in the focal stand we used in this study, as the predominant characteristic of 
our focal stand (e.g. snags) was all but absent from the beech ravine. When snags are lacking 
during the breeding season, Red-headed Woodpeckers excavate cavities in large dead limbs and 
rotting nubs within live trees (Rodewald et al. 2005). Over-mature trees in closed-canopy forest 
can accumulate injuries, through self-pruning and summer limb drop, that are susceptible to 
fungal invasion (Harris 1983). After fungal invasion, wood becomes soft and easier to excavate, 
allowing woodpeckers to establish roosts in live trees (Jackson and Jackson 2004). Roost sites 
within living trees have advantages over the roosts selected in our focal stand: cavities in limbs 
provide concealment (Berl et al. 2015) and those in dead areas within living boles are structurally 
superior and provide thermal advantages (Coombs et al. 2010). 
 We recognize the value of both fire disturbed habitat and undisturbed habitat for 
overwintering populations of Red-headed Woodpeckers at FAPH. Fire was responsible for the 
generation of a pulse of snags that Red-headed Woodpeckers used as roost sites in our focal 
stand. Red-headed Woodpeckers are nomadic and responsive to resource pulses, be it snags 
generated from fire or girdling (Kilgo and Vukovich 2014), or a bumper crop of acorns or 
beechnuts (Smith and Scarlett 1987). Stands that are exposed to disturbance by fire can be 
described by boom bust cycles with respect to snag production and loss (Agee and Huff 1987, 
Chambers and Mast 2005). Our data suggests that as snag levels drop in disturbed habitats, the 
value of those habitats for overwintering Red-headed Woodpeckers will fall correspondingly, 
and they will be forced to find winter habitat elsewhere (Fig. 5). 
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Since FAPH is a large (30,200 ha) landscape comprised of a patchwork of stands that 
receive different levels of disturbance (i.e. timber harvest, fire), careful management could 
maintain overall snag levels through a landscape scale ‘bounded equilibrium’ (sensu Turner et al. 
1993) of boom and bust cycles among forest stands. The mobile and opportunistic Red-headed 
Woodpecker has the ability to respond to these cycles. In areas where such large-scale 
management is possible, maintenance of a mosaic of disturbed and undisturbed, mature stands 
will benefit Red-headed Woodpeckers as well as a diversity of other species. Beech stands and 
over-mature oak forests take decades–even centuries– to mature. These forests provide an 
abundance of mast–a critical winter food resource not only for Red-headed Woodpeckers, but 
also for important game species, such as wild turkey and white-tailed deer. Fire and timber 
harvest could be detrimental to these areas as beech trees are fire intolerant and are most 
competitive in low light conditions (Parshall and Foster 2002). 
Managers concerned with promoting Red-headed Woodpecker populations should 
consider their winter habitat needs. We show the importance of both snags and mature mast 
producing trees for the winter ecology of this species. At finer scales, we demonstrate roost 
preferences based on snag characteristics. In cavity-using species, understanding factors that 
drive winter roost site selection is vital–in winter, roosts are tantamount to survival nests. Yet 
studies of winter roost-site selection are scarce, and studies of overwinter survival at roost sites 
are absent. Future studies on winter habitat selection and overwinter survival should focus on 
potential differences among habitat types. 
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TABLE 1. Variables and hypotheses for habitat features thought to be important for roost site-
selection. Variables at the patch and tree scales were used in our logistic regression models to 
evaluate their influence and relative importance in driving either roost patch or roost tree 
selection. 
Scale Variable Hypothesis 
Patch Snag basal area Snag basal area will have a positive influence on patch 
selection by providing (1) larger snags that are resilient to 
windthrow and better insulated and/or (2) greater numbers 
of snags allow for alternate roosts to be established. 
 Mast basal area Higher patch basal area of mast trees provides more acorns. 
 Non-mast basal area Higher overall tree density provides more cover and shelter. 
 Snag basal area *Mast 
basal area 
Since snags and mast trees provide complimentary 
resources, the presence of both together will have a stronger 
positive effect than the sum effect of snag BA and mast BA 
individually. 
 
   
Tree Diameter at breast height Thicker trees are less prone to windthrow and provide 
better insulation. 
 Dead limbs More dead limbs provide more substrates for scatter 
hoarding and potential roost-cavity sites. 
 Percent bark Less bark limits the ability of ground predators to climb the 
roost tree. 
 Crown condition Cavity excavation is easier in trees with broken crowns. 
 Taxon  Included as a categorical variable to investigate potential 
tree species preference. 
   
Cavity Cavity orientation South facing orientation provides warmth from increased 
sunlight. 
  Cavity height Higher cavities are better protected from ground predators. 
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TABLE 2. Model averaged adjusted odds ratios of parameter estimates and their 85% confidence 
intervals for model sets at the patch and tree scale. Odds ratios represent the change in the odds 
of a patch or a tree containing a red-headed woodpecker for each SD increase in the variable. 
Variable importance weight (wi) is determined by summing Akaike weights of all models in 
which the variable appears and normalizing to 1. Confidence intervals that do not overlap 1 
indicate a difference in the odds. 
Scale Parameter Estimate 85 % CI Importance weight 
Patch 
Snag BA 3.12 1.79–5.42 0.99 
Mast BA 2.39 1.36–4.21 0.95 
Non-mast BA 0.43 0.23–0.84 0.90 
Mast BA*Snag BA 1.06 0.80–1.41 0.27 
Tree 
Crown Condition 0.10 0.03–0.28 1.00 
VA Pine 0.09 0.03–0.33 0.98 
DBH 1.60 0.87–2.93 0.70 
Dead Limbs 1.48 0.82–2.69 0.64 
Unk Tree 2.78 0.50–15.51 0.58 
White Oak 0.68 0.28–1.65 0.42 
Percent Bark 1.05 0.83–1.34 0.29 
Loblolly Pine 1.00 0.69–1.46 0.25 
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FIG. 1. Our focal stand spanned an environmental gradient. Red-headed woodpeckers responded 
to variation in vegetation and clustered their territories in the north end of the stand, where snags 
and mature oaks were abundant. Roosts were found in the winter of 2016 (n = 42) during 
repeated systematic nighttime surveys at survey points (n = 39). Roost kernel density is shown in 
grayscale: dark shading corresponds with high roost densities. Cover type classification was 
based on the VGIN Virginia Land Cover Product. 
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FIG. 2. Density curves of habitat variables measured at roost patches (n = 42) and randomly 
established availability patches (n = 42).  Asterisk (*) indicates significance at the 0.05 level 
after Bonferroni correction (α=0.008). 
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FIG. 3. Characteristics of roost trees compared to the closest available snag. (a) A count of snags 
by taxon, (b) proportion of snags with either broken or intact crowns, and (c) snag diameter at 
breast height. 
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FIG. 4. Winter roost cavity height is maximized in shorter roost trees, but varies widely as roost 
tree height increases. Shorter trees typically had broken crowns (circles) and taller trees usually 
had their crowns intact (triangles). Solid line represents the back-transformed predictions, and 
dashed lines represent 95% confidence intervals, from our regression model of cube-root cavity 
distance from the top of the roost snag as a function of tree height: Cavity distance from snag 
top1/3 (m) = 0.08013 * Roost snag height (m)–0.0145. 
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FIG. 5. Density of large snags (>25 cm dbh) was higher in roost patches compared to available 
patches. Median large snag density and the IQR is shown for roost (black circle) and available 
(hollow circle) patches. As snags continue to decay and fall, the overall snag density in our focal 
stand will decrease, limiting the usefulness of this stand for overwintering red-headed 
woodpeckers in the future. The solid line represents the predictions of large snag loss in our focal 
stand based on Cain’s (1996) exponential decay model: Nt = N0ert. Cain estimated the large 
hardwood snag fragmentation rate in AK (snag to stump) at 5.28% loss per year (r = 0.058). 
Mean large snag density in our focal stand was 32.14 in 2016, 2 years after the prescribed burn. 
Predicted snag density at t=0 (2014) was 35.72. In 2021 (t=7), large snag density is predicted to 
drop below the min. density of 85% of the occupied roost patches (N7 < 25).  
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ABSTRACT 
Understanding species habitat relationships is fundamental to ecology and underpins 
conservation-based management.  Species with broad habitat preferences and wide geographic 
ranges are capable of fulfilling breeding requirements in different habitat contexts.  Habitat 
selection in these species may vary in a context-specific way, so determining the factors driving 
habitat selection requires spanning the habitat gradient.  Complex landscapes offer a unique 
opportunity to compare habitat selection across habitat gradients within a single study site.  Here, 
we used a comparative approach to model scale-dependent nest-site selection of the red-headed 
woodpecker in three distinct cover types at Fort A.P. Hill military installation, Virginia.  We 
found that nest preferences varied among cover types for several patch-scale habitat features. In 
closed forests, red-headed woodpeckers selected patches with an open canopy characteristic that 
lacked holly (Ilex opaca) in the understory and contained large pines.  In open forests, patches 
with a high percentage of canopy cover were also avoided.  In wetlands, patches with low 
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percent stem cover were preferred.  We also found a single variable, medium/large snag density, 
was highly influential in models for all cover types at the patch scale, indicating the importance 
of suitable snags for nesting, irrespective of cover type.  Models at the tree scale showed similar 
results for all cover types: red-headed woodpeckers consistently preferred large snags with less 
bark.  Our results demonstrate the value of comparing habitat selection across a wide habitat 
gradient.  Managers charged with promoting red-headed woodpecker populations would do well 
to manage for large, partially decayed snags while also considering context-specific habitat 
needs. 
 
INTRODUCTION 
 
Understanding how species interact with their habitats is a fundamental aim of ecological 
research and has implications for conservation.  Indeed, the word ecology is derived from the 
Greek ‘oikos’ meaning ‘house’, suggesting that this discipline was defined by a focus on the 
‘house’, or habitat, of the organisms in nature (Southwood 1977).  Habitats provide the resources 
necessary for individuals to meet basic needs throughout the life cycle (Hall et al. 1997).  Many 
studies of habitat have focused specifically on the breeding season, as variation in breeding 
habitat quality impacts an individual’s ability to contribute offspring to the next generation 
(Johnson 2007).  The reproductive output of individuals in turn scales up to regulate populations 
(Naef-Daenzer 2012).  Therefore, understanding breeding habitat requirements is necessary for 
managers interested in promoting populations of focal species. 
 For species that are widely distributed and/or occur in multiple cover types, determining 
breeding habitat requirements necessitates investigating habitat selection across the habitat 
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gradient in which the focal species occurs (Vaughan and Ormerod 2003).  For practical reasons, 
this rarely happens: study sites are geographically restricted and therefore have limited 
environmental variation.  Yet, relying on data from a single region results in an incomplete and 
biased description of habitat associations (Sánchez‐Fernández et al. 2011) (Figure 1A). To 
compound this problem, researchers often intentionally limit the scope of their studies to habitats 
that are presumed ‘suitable’—thereby saving time and resources by sampling only areas where 
their focal organism is likely to occur and/or be most abundant.  However, a priori distinctions 
between ‘suitable’ and ‘unsuitable’ habitat are unlikely to hold in all circumstances and can 
further bias results (Freckleton and Watkinson 2002, Delong and Gibson 2012).  Studies that fail 
to adequately sample the habitat gradient neglect flexibility in habitat selection and cannot 
identify the factors that limit it (Wesolowski and Fuller 2012).  By expanding breeding habitat 
studies to include multiple cover types, factors that facilitate breeding in a variety of habitat 
contexts can be efficiently identified in addition to identifying unique aspects of habitat in each 
cover type (Figure 1B).  Such information is essential for promoting populations of species with 
broad habitat associations. 
 The red-headed woodpecker is a species that uses numerous cover types as breeding and 
overwintering habitat across the eastern United States including: open oak forests (Conner 1976, 
Brawn 2006, King et al. 2007, Berl et al. 2015, Dallas 2015), pine savannas (Kilgo and Vukovich 
2012), golf courses (Rodewald et al. 2005, Hudson and Bollinger 2013), urban parks (Anderson 
and LaMontagne 2016), beaver ponds (Lochmiller 1979) and closed canopy forests (Kilham 
1958, Doherty 1996).  Despite their apparent adaptability to such a variety of cover types, red-
headed woodpeckers have experienced precipitous range-wide declines over the past 50 years 
(Rosenberg et al. 2016).  King et al. (2007) put forth habitat thresholds as an explanation for the 
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widespread declines, suggesting that although red-headed woodpeckers may appear to vary 
widely in their choice of breeding habitat, habitat must exceed some threshold along one or more 
habitat gradients to be suitable for breeding.  Both King et al. (2007) and Berl et al. (2015) 
detected habitat thresholds (i.e., in limb tree or snag availability) in their respective study sites 
that contained similar cover: open oak forests.  Findings from these studies, while informative in 
their particular contexts, do not inform our understanding of red-headed woodpecker habitat 
selection across the broad environmental gradient in which the species occurs (Morrison 2001). 
 In this study, our aim was to identify and compare cover type-specific nest-habitat 
thresholds at the landscape, patch and tree scales.  We also characterize nest cavities.  Our study 
site at Fort A.P. Hill (FAPH) military installation included three distinct cover types spanning the 
gradient of habitat used by red-headed woodpeckers during the breeding season: open wetland, 
closed forest and open forest.  We identify habitat variables driving nest-site selection in each of 
these cover types using boosted regression trees and compare them by plotting their marginal 
effects.  To our knowledge, no study has investigated red-headed woodpecker nest-site selection 
within wetlands—despite their known importance as breeding habitat (Frei et al. 2017)—nor has 
any study directly compared nest-site characteristics among multiple cover types.  Previous 
studies, by both Rodewald et al. (2005) and Hudson and Bollinger (2013), tested for differences 
in red-headed woodpecker nest success between cover types (open forest vs. golf course), but the 
former only quantified habitat characteristics of nests located in golf courses while the latter 
pooled data from the two cover types for their analysis of nest-site selection.  By quantifying 
nest-site selection for three cover types separately, we expect to find cover type-specific habitat 
features associated with nest-site selection, thereby expanding our knowledge of the range of 
variation in nesting habitat for this species.  Perhaps more importantly, we anticipate identifying 
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shared habitat thresholds among all three cover types, indicating factors that facilitate breeding 
generally (Figure 1B). 
 
METHODS 
 
Study area 
We studied red-headed woodpecker nesting behavior during the breeding season (May-August) 
in 2016 and 2017 at Fort A.P. Hill (FAPH), a 30,200 ha military installation in northwest 
Caroline County, Virginia (38.157658°N, 77.30388°W). Management of FAPH is varied and 
geared toward troop activities and wildlife management.  Wildlife biologists at FAPH use several 
tools to meet their objectives, including timber harvest, prescribed fire, and levy construction.  
Timber harvest opens areas and facilitates troop movements, generates revenue through timber 
sale, and creates successional habitat that provides forage and shelter for target game species, 
such as white-tailed deer and northern bobwhite. Prescribed fire keeps corridors open for military 
maneuvers by reducing thick successional growth that follows timber harvest.  It also benefits 
wildlife by promoting grass establishment, oak regeneration and snag generation.  Levy 
construction by humans or beaver (Castor canadensis) impounds waterways and floods lowland 
areas, converting streams to permanent pools and bottomland trees to snags (standing dead tree).  
These pools are stocked with sport fish and support waterfowl.  The landscape that results from 
this intensive management at FAPH is a patchwork of cover types.  We focused on three of these 
cover types that red-headed woodpeckers are known to use throughout their range: open 
wetlands, closed forest and open forest.   
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Description of cover types.  FAPH contains a variety of wetland types, however we focused on 
permanent pools, often created by impoundment, with open water and open canopies.  Few, if 
any, living trees were present in our wetland sites, though sometimes red maples (Acer rubrum) 
and loblolly pines (Pinus taeda) occurred on the margins.  In shallow areas within wetlands, 
smooth alder (Alnus serrulata) and highbush blueberry (Vaccinium corymbosum) comprised the 
bulk of the shrub layer.  Herbaceous wetland plants included various grasses, sedges and forbs. 
 We distinguished between two forested cover types based on canopy closure.  Closed 
forest stands were dominated by trees with contiguous crowns and had greater than 70% canopy 
cover.  Open forest stands had a savanna or park-like appearance and less than 70% canopy 
cover.  Forested areas at FAPH, both open and closed canopy, varied widely in stand structure 
and species composition.  Hardwood stands in upland areas were dominated by white oak 
(Quercus alba), northern red oak (Quercus rubra) and hickory spp. (Carya spp.) with American 
beech (Fagus grandifolia) present along some moist ravine slopes. Bottomland hardwood stands, 
on the other hand, were dominated by tulip poplar (Liriodendron tulipifera), sweetgum 
(Liquidambar styraciflua), tupelo spp. (Nyssa spp.) and red maple (Acer rubrum).  Loblolly 
pines (Pinus taeda) were the dominant softwood species: they occurred in both monoculture 
plantations and mixed forests along with the less common Virginia pine (Pinus virginiana).   
 Due to differing light conditions and fire regimes, understory, shrub and ground level 
vegetation tended to differ between open and closed forest types.  Open forests were often 
maintained by prescribed fire and lacked a true understory.  The shrub layer, when present, 
consisted of lowbush blueberry (Vaccinium angustifolium) and blackberry spp. (Rubus spp.) 
along with patches of regenerating trees—usually colonizing species, such as black locust 
(Robinia psuedoacacia), tulip poplar and sweetgum. At the ground level, grasses and saplings 
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dominated.  In contrast, closed forests often had an understory dominated by American holly 
(Ilex opaca) and immature trees that fare well under low light conditions, with a shrub layer 
dominated by heath (Ericacea).  Ground cover in closed forests included ferns, forbs, and 
saplings. 
 Although cover types were structurally distinct (Figure 3), there was much variation 
within cover types–both structurally and floristically–due to differences in soil, drainage 
patterns, topography and management history (Figure 4).  
Nest searching and monitoring 
FAPH is divided into 73 training areas (TA) with limited access, in addition to a large restricted 
area at the southern part of the base used primarily for shelling. As FAPH is large, and 
availability of TAs for research is limited by troop use, we selected a subset of 22 TAs, 
representing a total area of 6400 ha, to focus our nest-searching efforts.  TA selection was based 
on two criteria: 1) consistent availability over the duration of our study and 2) diversity of focal 
cover types among TAs.   
 We located nests by searching habitat that was found to be occupied during point count 
surveys conducted as part of another study.  Point count locations were randomly placed, 
stratified by cover type, using the ‘random points’ feature in ArcGIS 10.3 (ESRI 2014).  This 
ensured adequate sampling of cover types.  We also found nests opportunistically en route to 
point count locations.   
 Red-headed woodpeckers are highly territorial and often respond to conspecific intruders 
with a post-territorial intrusion copulation.  Conveniently, this display often occurs on ‘staging 
limbs’ in close proximity to the nest cavity (Brackbill 1969b, Kilham 1983a).  We took 
advantage of this behavior by broadcasting red-headed woodpecker calls in occupied habitat, 
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noting the location of the resulting displays and waiting for a member of the pair to enter a 
potential nest cavity.  We marked the location of potential nests using a handheld GPS unit and 
flagged a nearby tree with the knot of the flag pointing to the potential nest tree.  We revisited 
occupied territories until we found a potential nest and could confirm the presence of eggs or 
chicks, by observing either incubation or bolus delivery, respectively.  Potential nests that lacked 
confirmatory activity after initial discovery were not included in analyses. 
Habitat and vegetation measurements 
We measured nest-site attributes at the landscape, patch, tree and cavity scales (variable 
descriptions in Table 1).  We visually classified cover within our 22 TAs into one of three cover 
types (wetland, closed forest, open forest) in ArcGIS by examining aerial imagery (NAIP 2014).  
All cover type designations were ground-truthed during vegetation surveys.  For each nest we 
found, we randomly selected a paired ‘availability’ point from our randomly placed point count 
survey locations, ensuring that cover types matched for each pair, to serve as a basis of 
comparison between nest sites and available sites within each cover type.   
 To quantify the characteristics of landscape surrounding nest, we calculated the total area 
that each cover type comprised within both a 100-m and 200-m radius of each nest tree and each 
paired availability point, equating to an area of 3.14 ha and 12.56 ha, respectively.  From these 
initial measurements, we derived several additional variables that we used in our analysis at the 
landscape scale. We chose to include landscape variables at both scales as they span the range of 
red-headed woodpecker territory sizes (3.1 – 8.5 ha) (Venables and Collopy 1989). 
 At the patch scale, we measured vegetation within an 11.3-m radius circular plot (0.04 
ha) centered on either the nest tree or the availability point, following a modified version of the 
methods in Martin et al. (1997).  To measure ground cover variables, we established three 11.3 
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m-transects, starting from the plot center and set at 120-degree angles from one another, with the 
first transect extending out in a randomly chosen direction.  Each of the three transects was 
walked with a 1 m tall wooden stake, and at each 0.5 m interval the stake was inserted into the 
ground and all vegetation touching the stake was categorized and recorded.  Percent cover was 
then estimated for each vegetation class by dividing the total number of hits by 22 (total possible 
hits).  
 At the tree scale, we identified the nest tree to species, when possible, and recorded 
structural characteristics. To compare nest trees to available trees, we measured characteristics of 
the snag (≥10 cm dbh, ≥5 m height) that was the shortest distance from the center of the 
availability plot. We chose to limit our comparison of nest trees to available snags that met a 
minimum size criterion, as we found red-headed woodpeckers nesting exclusively in snags that 
exceeded this size criterion at our site. We measured the same features for the available snag as 
for the nest snag.  At the cavity scale, we measured the height and orientation of the cavity.  
Analytical methods 
We used the R package, ‘dismo’, to grow boosted regression trees (BRT) that we used model the 
differences between nest and available habitat for each of our three cover types at the landscape, 
patch and tree scales (Hijmans et al. 2017).  As with traditional decision trees (i.e. CART), BRT 
repeatedly split observations based on their characteristics (predictor variables) until a final 
classification is reached (response variable).  In our case, observations are characterized by 
habitat data, at a specific spatial scale, and are classified as either a nest-site or an available site.  
BRT is a computationally intensive machine learning technique that improves classification 
accuracy through boosting.  Boosting is an ensemble method that generates and combines many 
 47 
simple decision trees by focusing on observations that were misclassified in previous iterations 
(Hastie et al. 2001).  BRT essentially learn from mistakes to increase predictive power.   
 BRT models have several advantages over classical statistical methods (i.e. GLMs).  
Importantly, they can infer missing data, are robust to multicollinearity and they require no 
distributional assumptions—which are often unrealistic.  Due to their hierarchical tree-like 
structure, BRT are capable of automatically modeling complex interactions among predictors—a 
feature common to ecological datasets.   
 Although the BRT models themselves are complicated, their interpretation need not be.  
Models are summarized through model-based estimates of the relative influence each predictor 
has on the response.  These individual effects are easily visualized through the use of partial 
differential plots (Hijmans et al. 2017).  This is particularly useful in detecting ecological 
thresholds. 
 BRT require a number of tuning parameters to be specified.  We specified a learning rate 
of 0.005, limiting the contribution of each simple tree to the model.  Typically, slowing the 
learning rate (<<0.1) improves the model building process and limits the influence of extreme 
predictions early on (Elith et al. 2008).  We set the bag fraction, or proportion of model training 
data used for each tree, to 0.50, as in Berl et al. (2015).  By using only half the training data for 
each simple tree, we introduce randomness to the model, which limits overfitting—a problem 
common to other machine learning methods.  To maximize interpretability of our models, we 
limited tree complexity to 1, excluding interactions in simple trees.  We used 5-fold cross-
validation to calculate the optimal number of trees in each BRT model using the ‘gbm.step’ 
function (Hijmans et al. 2017).  We assess model performance by evaluating cross-validated 
estimates of area under the curve (AUC) of the receiving operator characteristic (ROC).  We 
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consider models with AUC scores ≥0.75 to have acceptable discrimination ability and models 
with AUC scores ≥0.85 to have excellent discrimination ability.  We ranked variables based on 
their relative influence in the BRT models, indicated by the number of times a variable was used 
to split the data, weighted by model improvement for that split.  We then eliminated non-
informative variables using the ‘gbm.simplify’ function: a cross-validated simplification 
procedure developed by Hijmans et al. (2017).  This algorithm simplifies the model by 
recursively dropping the least informative parameter and re-fitting the model until predictive 
deviance of the simplified model exceeds 1 SE of the full model’s deviance.  This procedure 
culls non-informative variables that may unnecessarily increase model variance, thereby 
resulting in a more parsimonious model without adversely affecting model fit. 
 We used the Rayleigh test of uniformity to determine if cavity orientation differed 
from random (Batschelet 1981). We tested for differences in cavity height and distance from the 
tree top using Fisher’s exact test.  We also wanted to investigate a potential preference for cavity 
height across cover types.  As cavity height is limited by nest tree height, which is in turn 
affected by tree top condition (intact or broken), mean cavity height alone is not representative of 
a preference.  Therefore, we modeled this relationship by regressing the square-root transformed 
cavity distance from the top of the roost tree against tree height and crown condition.  We did not 
include tree taxon in the BRT models, as we were only interested in modeling structural 
characteristics of the nest tree.  We analyzed preferences for tree taxa using Fisher’s exact test.  
Summary statistics are reported as the mean ± 1 SD, unless data were skewed, in which case we 
report the median and IQR.   
 All analyses were performed in R 3.3.2 and RStudio 1.1.383 (R Core Development Team 
2018; RStudio Team 2015). We used the R package suite ‘tidyverse’ to manipulate data and 
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create plots (Wickham 2017), that we colored with the ‘wesanderson’ color palette package 
(Ram and Wickham 2018). 
 
RESULTS 
 
We found 129 nests in three distinct cover types during our study (n = 31 wetland, n = 41 closed 
forest, n = 57 open forest).  All nests were located in the trunks of snags, the majority of which 
were in the genus Pinus (86%) with loblolly pines comprising 67% of the total.  Our univariate 
analysis showed red-headed woodpeckers selected loblolly pine snags (P < 0.001) and avoided 
oak snags (P < 0.001) (Table 2). 
Cavity Characteristics 
We did not detect differences in cavity height (P = 0.062) or cavity distance from the snag top (P 
= 0.204) among our cover types.  Therefore, we pooled data from our three cover types and 
report the combined results.  The mean nest cavity height was 12.40 m  ± 4.55 (range 2–26.2 m).  
Nest cavity height varied widely in relation to nest tree height (median cavity distance from tree 
top = 2.40 m, IQR = 0.80 to 7.55). 50.4% of this variability was explained by our regression 
analysis, which included two significant predictors: nest tree height and tree top condition (R2 = 
0.504, F2,125 = 63.53, P < 0.001). There was a stronger correlation between cavity height and tree 
height for trees with broken crowns (Pearson correlation = 0.840), compared to those with intact 
crowns (Pearson correlation = 0.662).  To demonstrate Red-headed Woodpecker preference for 
cavity height, we report predictions of cavity height from our regression model over the range of 
nest tree heights we measured for both broken and intact tree tops (range 5.1–29.2 m) (Figure 5).  
Cavity orientation differed from random (z = 0.1902, P = 0. 0.010), with red-headed 
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woodpeckers tending to avoid north orientation (Figure 6).  Cavities were typically not 
concealed; only a few nests (4 of 129) had any vegetation obscuring the cavity entrance. 
Landscape Scale 
Models at the landscape scale failed to accurately discriminate between nest and available sites 
for all three cover types (cross-validated AUC ± SE: 0.65 ± 0.11 wetland, 0.54 ± 0.06 closed 
forest, 0.72 ± 0.06 open forest).  As such, we consider the models at this scale uninformative and 
do not report further on them here (though see Appendix A Table 5) 
Patch Scale 
In contrast to the landscape scale, patch scale models achieved excellent discriminatory ability 
(cross-validated AUC ± SE: 0.98 ± 0.02 wetland, 0.99 ± 0.01 closed forest, 0.93 ± 0.04 open 
forest).  Unsurprisingly, medium/large snag density was retained as important predictor in all the 
models, irrespective of cover type.  Across cover types, a clear and consistent threshold response 
is shown in the partial differential plots for this variable, with a stark step-up in probability at 1 
and 2 snags per patch (Figure 7).  In addition to medium/large snag density, the simplified 
wetland model retained percent stem cover (Table 3).  In wetlands, the probability of a patch 
being occupied by a red-headed woodpecker rapidly decreases with increasing woody stem cover 
above ~20%.  In closed forests, red-headed woodpecker patch selection was influenced by four 
variables: medium/large snag density, percent canopy cover, holly pole density and large pine 
density.  Partial differential plots show threshold responses to each of these variables (Figure 7).  
When canopy cover of closed forest patches exceeded ~85%, predicted probability of patch 
occupancy abruptly dropped.  Even a modest amount of holly trees in the patch greatly reduced 
the likelihood of that particular patch being occupied, as shown by the immediate drop in 
predicted probability as holly pole density increases.  Patches with ≥1 large pine were markedly 
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more likely to be selected.  The simplified open forest model retained medium/large snag density 
and percent canopy cover as important predictors.  Threshold responses to these variables were 
similar to those mentioned for the closed canopy cover type, though in open forests, red-headed 
woodpeckers selected patches with an intermediate amount of canopy cover (Figure 7). 
Tree Scale 
As with the patch scale, models at the tree scale performed well (cross-validated AUC ± SE: 0.84 
± 0.05 wetland, 0.88 ± 0.03 closed forest, 0.89 ± 0.01 open forest).  Models for different cover 
types varied little: percent bark and dbh of the nest tree were always and the only variables 
retained (Table 4).  Further, responses to these variables were similar across models, as shown by 
the partial differential plots (Figure 8).  There was a steady decrease in the probability of a tree 
being selected as a nest tree with increasing percent bark on the trunk.  Dbh, however, had a 
threshold effect: snags with dbh >20 cm were much more likely to be selected as nest snags. 
 
DISCUSSION 
 
Our comparative approach to modeling nest-site selection in red-headed woodpeckers enabled us 
to identify cover-type specific nest habitat thresholds at the patch scale, indicating that this 
species is flexible in its selection of habitat features near the nest and can respond differentially 
to the broader habitat context.  Additionally, we found similar responses to certain features 
across cover types, at both the patch and tree scales, demonstrating the importance of these 
factors that likely limit the ability to breed successfully.  Our approach provides a more 
comprehensive and generalizable understanding of nest-site selection compared with previous 
studies that focused solely on forests with open canopy cover. 
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Nest cavity characteristics 
Cavity height increased with tree height generally, but this relationship was stronger for trees 
with broken crowns, compared to those with intact crowns.  As trees with broken crowns were 
typically shorter, they act as an upper limit on cavity height.  Other studies have shown 
decreased risk of predation with increasing nest cavity height (Nilsson 1984, Fisher and Wiebe 
2006a, Berkunsky et al. 2016).  Red-headed woodpeckers that maximize cavity height, 
particularly when it is limited by tree height, protect their broods from depredation by ground 
predators (Hudson and Bollinger 2013).  Additionally, trees with broken crowns accumulate 
moisture from rain and create a microclimate suitable for colonization by wood-softening 
lignicolous fungi (Haggard and Gaines 2001, Jackson and Jackson 2004).  Softened wood below 
a broken crown is easier to excavate—an important consideration for red-headed woodpeckers 
which are weak excavators (Jackson 1976). 
 The final position of the nest cavity is determined by both height and entrance 
orientation.  We found red-headed woodpeckers oriented their cavities in a non-random manner, 
typically avoiding north orientation.  Consistent with our findings, Landler et al. (2014) reviewed 
global patterns in cavity entrance orientation and found that woodpeckers, particularly those 
from northern populations, deviated significantly from north orientation.  North-facing cavities 
receive less solar radiation from the sun, and may increase the incubation burden on adults 
(Coombs et al. 2010).   
Landscape scale 
The inability of our landscape scale models to accurately discriminate between nest and available 
sites is likely due to the lack of variability in the landscape features we measured at our study 
site.  FAPH is split into 73 TAs, with each TA further subdivided into management units (e.g. 
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forest stands).  These units are intensively managed: a variable prescription of fire, timber 
harvest and understory thinning across stands has resulted in a fragmented and varied landscape.  
The 22 TAs we selected for our study, were chosen, in part, due to their diversity of cover types.  
While this aided our comparison of cover types at finer scales, it may have limited our ability to 
asses nest-site selection at the landscape scale, as both nest landscapes and available landscapes 
contained a diversity of cover types. 
 However, the poor performance of our landscape scale models does not indicate that 
landscape context is unimportant.  Red-headed woodpeckers have relatively wide home ranges, 
are mobile and able to exploit food resources from multiple cover types (Frei et al. 2017).  
Mueller et al. (2009) found that common ravens—which share the aforementioned 
characteristics—selected landscapes for breeding that contained a mixture of coniferous forest 
and open areas, as these cover types offered complementary resources: coniferous forests 
provided suitable nest trees, while open areas provided food resources.  In complex landscapes, 
red-headed woodpeckers may also benefit by selecting landscape features that allow them to 
meet nesting and foraging needs through the process of landscape complementation (Dunning et 
al. 1992).  Future studies in complex landscapes are needed to determine how red-headed 
woodpeckers use—and potentially benefit from—multiple cover types within their breeding 
territories. 
Patch scale 
Red-headed woodpeckers showed strong responses to a number of variables at the patch scale.  
Of these variables, medium/large snag density was consistently retained as an important 
predictor across the models for different cover types.  This is not surprising: several previous 
studies have demonstrated the importance of snags for the breeding ecology of this species 
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(Sedgwick and Knopf 1990, Vierling and Lentile 2006, Dallas 2015).  In our study, red-headed 
woodpeckers nested exclusively in snags—nest patches lacking this key resource were avoided.  
Furthermore, the probability of a nest patch being selected markedly increased if it contained two 
or more medium/large snags.  Having multiple snags in the nest patch provides insurance against 
structural failure or usurpation of the nest tree.  Additionally, patches with multiple snags may be 
more visible to prospecting woodpeckers (Kilgo and Vukovich 2014), and reduce competition 
for nest trees with other cavity-nesting species that are limited by this key resource (Lorenz 
2014). 
 In both open and closed forests, red-headed woodpeckers selected patches with an open 
canopy characteristic.  In closed forests, a strong threshold response is evident, with the 
probability of a red-headed woodpecker selecting a patch plummeting if canopy cover exceeds 
~85%.  The response in open forests, while similar, was not as strong.  Nor was it strictly one-
way: probability was at its highest in open forests when canopy cover was ~50–70%.  The 
association red-headed woodpeckers have with open canopy habitats has long been recognized 
(Bent 1939).  Yet, red-headed woodpeckers are capable of breeding in closed canopy forests by 
taking advantage of forest edges and small gaps in the canopy created by disturbance (Rose and 
Simons 2016).  The preference for a partially—but not completely—open canopy increases 
aerial foraging opportunities (Conner 1976, Jackson 1976) while providing patches of foliar 
cover that serve as refugia from aerial predators (Kilgo and Vukovich 2012).   
 Unlike many species of woodpecker, foraging strategies of red-headed woodpeckers are 
diverse, allowing them to exploit food from a variety of sources (Frei et al. 2017).  As adept as 
they are at aerial flycatching, they are equally as efficient foraging on the ground (Jackson 1976, 
Ingold 1994).  Ground stoops for terrestrial insects were commonly observed by BN in habitats 
 55 
where the ground was unobstructed by understory vegetation.  In fact, in closed canopy forests, 
ground stooping was the predominant foraging behavior (BN, unpublished data).  In closed 
forests, we detected a strong aversion to patches with small holly trees in the understory.  
Similarly, Berl et al. (2015) found that red-headed woodpeckers selected nest patches with short 
woody understory height and often foraged on the ground in these patches.  Closed forests 
without obstructing understory vegetation allow red-headed woodpeckers to switch foraging 
modes and effectively exploit food resources on the forest floor. 
 Additionally, red-headed woodpeckers selected patches with large pines in closed forests.  
Loblolly pine plantations comprised a substantial portion of the closed canopy cover at FAPH.  
Many of the loblolly stands at FAPH were on burn rotations of 2-5 years and fire had the effect 
of reducing understory vegetation and creating snags.  These plantations, though dominated by a 
single species, varied greatly with respect to tree size distribution and tree density.  In older 
stands, larger pines that died in fire became large diameter snags—which are preferred by red-
headed woodpeckers (Vierling et al. 2009).  At their study site in South Carolina, Kilgo and 
Vukovich (2012) found forests patches with mature pines provide red-headed woodpeckers with 
cover from aerial predators and these patches of cover are associated with increased breeding-
season survival of adults (Kilgo and Vukovich 2012).  With suitable snags for nesting, open 
ground for foraging and patches of cover from predators, closed forests with large pines had a 
winning combination of breeding habitat features. 
 Nest-sites in wetlands tended to be in impounded streams with high densities of 
medium/large snags and open water.  Beaver create many of the occupied wetlands at FAPH by 
blocking small streams and rivers with woody debris that results in flooded lowland areas.  
Flooding kills trees and creates clusters of snags which red-headed woodpeckers can make use of 
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for nest sites.  They also provide foraging opportunities.  Lochmiller (1979) compared 
woodpecker habitat use of bottomland forests to beaver ponds and found a significant increase in 
foraging activity in beaver ponds with high snag density.  Wetlands with a high proportion of 
stem cover at the ground level were typically smaller wetlands with lower water levels and fewer 
snags.  The negative association we detected with percent stem cover could be related, indirectly, 
to availability of nest snags and insects. 
Tree scale 
Though we found nest-site selection to vary in a cover-type specific way at the patch scale, at the 
tree scale, red-headed woodpeckers varied little with respect to characteristics they looked for in 
potential nest trees, irrespective of cover type.  We detected a negative, linear relationship 
between percent cover of bark on the tree trunk and the probability of a tree containing a red-
headed woodpecker nest.  Red-headed woodpeckers are known to rely on partially decayed 
substrates for nest-sites (Frei et al. 2017).  Bark falls from the trunk as the tree decays, so percent 
bark may be a useful cue for wood softness, and therefore suitability for excavation (Lorenz et al. 
2015).  Additionally, trees lacking bark have smooth trunks that are more difficult to scale by 
ground predators (Mullin and Cooper 2002). 
 As with percent bark, red-headed woodpeckers were fairly consistent in their response to 
tree dbh across cover types.  We detected a clear threshold in tree dbh at ~20 cm for both open 
and closed forests, with a slight increase to ~30 cm in wetlands, indicating a strong preference 
for large diameter snags.   Snags under 20 cm dbh may be too small to hold red-headed 
woodpecker nest chambers.  Jackson (1976) measured the dimensions of red-headed woodpecker 
nest chambers and found the mean cavity chamber diameter was 11.77 with a mean wall 
thickness of 4.52.  Total average nest tree thickness, including the front wall, nest chamber and 
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back wall, from his study summed to 20.80 cm, corresponding with the threshold we report here. 
Clearly, nest trees have to meet a minimum diameter, but even among trees that meet this 
criterion, thicker trees may be preferred.  Cain (1996) found that snag diameter negatively 
correlated with snag deterioration—in other words, large snags lasted longer. In open wetlands, 
selecting larger snags may be particularly advantageous, as these snags are more exposed to the 
destabilizing forces of wind and water.  Red-headed woodpeckers spend several weeks 
excavating cavities, and several weeks more incubating eggs and brooding chicks (Frei et al. 
2017).  Therefore, there is strong selective pressure to ensuring the nest cavity is in a secure and 
stable substrate. 
Conclusions 
Complex landscapes offer a unique opportunity to study habitat preferences across a broad 
habitat gradient at a single study site.  For species that have eclectic habitat preferences, 
spanning the habitat gradient is necessary to identify facilitating factors and determine the limits 
of flexibility in breeding habitat selection.  Our findings indicate that red-headed woodpeckers 
consistently selected a number of habitat features at both the patch (>1 medium/large snag, open 
canopy cover) and tree scales (less bark, thicker dbh) across cover types.  Because our cover 
types in this study span a substantial habitat gradient, these features likely facilitate breeding 
generally, occupying the habitat space in the center of our theoretical Venn diagram (Figure 1B).  
Managing for forests with an open canopy characteristic and an abundance of large, decadent  
snags should be a viable strategy across cover types.  That said, it is important to consider that 
red-headed woodpeckers often bred in closed canopy forests at FAPH (n = 41), and selected for 
habitat features (open understory, large pine density) in closed forests that they did not show a 
preference for in other cover types.  The abundance of loblolly pine plantations across the 
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southeastern US present a conservation opportunity to manage these habitats to provide suitable 
breeding habitat.  Of course, managing for red-headed woodpeckers requires considering their 
needs across the full annual cycle (Marra et al. 2015, Nickley et al. 2018).  Closed canopy forests 
with an abundance of mast-producing trees (e.g. American beech, Oak sp.), while of limited use 
during the breeding season, provide essential survival habitat in winter (Doherty et al. 1996). 
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TABLE 1.  Variables used to investigate habitat preferences for red-headed woodpecker nest-
site selection in three distinct cover types at Fort A.P. Hill during the summers of 2016 and 2017.  
Scale Variable Description 
Landscapea Wetland area (ha) Area of open canopy wetland cover within the landscape  
Closed forest area (ha) Area of closed forest cover within the landscape  
Open forest area (ha) Area of open forest cover within the landscape  
Largest patch index Percentage of the landscape comprised of the single largest 
cover type  
Dominant cover type Cover type covering the largest proportion of the landscape  
No. of cover types Total number of cover types within the landscape (range: 
1-3)  
Proportion of open cover Proportion of cover with an open canopy characteristic 
(e.g. not closed forest)  
Shannon's diversity Larger values indicate a greater number of cover types 
and/or greater evenness among cover types  
Shannon's evenness Proportion of maximum Shannon's diversity index 
Patchb Water cover (%) Percentage of the ground covered by water  
Stem cover (%) Percentage of the ground, below 1m, covered by woody 
stems  
Sapling cover (%) Percentage of the ground, below 1m, covered by tree 
saplings  
Oak sapling cover (%) Percentage of the ground, below 1m, covered by oak 
saplings (Quercus spp., <2 m height)  
Grass cover (%) Percentage of the ground, below 1m, covered by grass, 
rush or sedge species  
Forb cover (%) Percentage of the ground, below 1m, covered by forb 
species  
Coarse woody debris cover (%) Percentage of the ground, below 1m, covered by coarse 
woody debris (>1 m long, >5 cm diameter)  
Pole density Density of poles, excluding American holly (Ilex 
opaca, >2m hgt., <10 cm dbh)  
Proportion of oak poles Proportion of poles (>2 m hgt., <10 cm dbh) that are oaks 
(Quercus spp.)  
Holly pole density Density of American holly poles (Ilex opaca, >2 m height, 
<10 cm dbh)  
Proportion of oak saplings Proportion of saplings (<2m height) that are oaks (Quercus 
spp.)  
Snag density Density of snags (standing dead tree, >45 degrees above 
horizontal).  One variable derived for each of two size 
classes: small (10-20 cm dbh] and medium/large (≥20 cm 
dbh)  
Pine density Density of pines.  One variable derived for each of three 
size classes: small (10-20 cm dbh], medium (20-30 cm 
dbh], large (≥30 cm dbh)  
Other hardwood density Density of non-mast hardwoods.  One variable derived for 
each of three size classes: small (10-20 cm dbh], medium 
(20-30 cm dbh], large (≥30 cm dbh)  
Mast tree density Density of nut-producing trees (Fagus grandifolia and 
Quercus spp.).  One variable derived for each of three size 
classes: small (10-20 cm dbh], medium (20-30 cm dbh], 
large (≥30 cm dbh) 
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Living tree density Density of all living trees.  One variable derived for each of 
three size classes: small (10-20 cm dbh], medium (20-30 
cm dbh], large (≥30 cm dbh)  
Living tree basal area Total basal area of all living trees   
Dead limb density Density of dead limbs (≥10 cm diameter, ≥1 m length)  
Canopy cover (%) Mean of 4 densiometer readings; recorded at the plot center 
and at three evenly spaced points along the plot edge  
Canopy height (m) Mean of 3 canopy tree measurements, estimated using a 
clinometer 
Treec No. of branches Number of small branches (>1 m long, <10 cm diameter) 
present on the trunk  
Tree top condition Tree crown broken or intact  
Tree dbh (cm) Diameter of the trunk taken at breast height (1.3 m), 
measured using dbh tape  
Tree Fungi Fruiting bodies of fungi present or absent  
Tree height (m) Measured with a clinometer  
Tree bark (%) Visually estimated percent bark remaining on the trunk, in 
intervals of 10  
No. of limbs Number of limbs (>1m long, >10 cm diameter) present on 
the trunk  
Tree taxon* Recorded to most specific taxon possible  
Tree state* Live or dead 
Cavity Cavity height (m) Measured with a clinometer  
Cavity concealment (%) Percent vegetation cover within 1m2 of the cavity entrance  
Orientation Recorded with a compass while facing the cavity and 
taking back-azimuth  
Distance from top (m) Cavity distance from the top of the nest tree 
  Cavity location Trunk or limb of tree 
aMeasured within both 100 m-radius and 200 m-radius buffers centered on the nest tree and the availability point 
bMeasured within the 11.3 m-radius plot (0.04 ha) centered on the nest tree and the availability point 
cMeasured at the nest tree and the snag that was closest to the center of the availability point 
*Excluded from BRT models.  We were only interested in modeling structural characteristics of the nest tree, so 
we excluded tree taxon from the BRT models.  We also excluded tree state: all nest and available trees were dead. 
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.  Tree species red-headed woodpeckers nested in compared with available trees.  
We found red-headed woodpeckers nesting exclusively in snags during our study 
and therefore compare only snags.  The available snag was the snag closes to the center of our 
availability point that met a minimum size criterion (≥10 cm dbh, ≥5 m height).  P-values are 
from Fisher’s exact test.  Asterisk (*) indicates significance at the 0.05 level after Bonferroni 
correction (α=0.002). 
Taxon Nest snags Available snags P-value 
Loblolly pine (Pinus taeda) 87 16 0.000* 
Pine spp. (Pinus spp.) 14 9 0.383 
Virginia pine (Pinus virginiana) 10 16 0.301 
Oak spp. (Quercus spp.) 5 45 0.000* 
Unidentified 5 15 0.034 
Red maple (Acer rubrum) 2 5 0.447 
Tupelo spp. (Nyssa spp.) 2 2 1 
Tulip poplar (Liriodendron tulipifera) 1 4 0.370 
Eastern sycamore (Platanus occidentalis) 1 1 1 
Northern red oak (Quercus rubra) 1 0 1 
Telephone pole 1 0 1 
Sweetgum (Liquidambar styraciflua) 0 4 0.122 
American beech (Fagus grandifolia) 0 2 0.498 
Black cherry (Prunus serotina) 0 2 0.498 
River birch (Betula nigra) 0 2 0.498 
Bigtooth aspen (Populus grandidentata) 0 1 1 
Eastern red cedar (Juniperus virginiana) 0 1 1 
Chestnut oak (Quercus montana) 0 1 1 
Hickory spp. (Carya spp.) 0 1 1 
American holly (Ilex opaca) 0 1 1 
American hornbeam (Carpinus caroliniana) 0 1 1 
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TABLE 3.  Relative influence of habitat variables on red-headed woodpecker nest-site selection 
at the patch scale from our BRT models for each cover type.  Relative influence values are 
provided for predictors that contributed >2% of the relative influence for the full models.  All 
retained variables are reported for the final, simplified models.  We also provide the median, first 
and third quartiles.  Variable descriptions are provided in Table 1. 
  Relative influence (%)  Nest  Available 
Cover 
Type Variable Full Simplified  Median q1 q3  Median q1 q3 
Wetland Medium/large snag density 68.32 86.57  4.00 2.00 6.00  0.00 0.00 0.00 
 Coarse woody debris cover (%) 9.89 
  10.08 3.78 16.38  0.00 0.00 5.04 
 Stem cover (%) 7.19 13.43  2.52 0.00 17.64  27.71 5.04 60.47 
 Forb cover (%) 5.55   35.27 16.38 62.99  65.51 25.20 100.00 
 Pole density 3.23   0.00 0.00 1.50  6.00 0.00 19.50 
Closed 
Forest Canopy cover (%) 23.48 35.35 
 86.72 81.25 91.15  96.09 91.15 98.70 
 Medium/large snag density 20.93 32.00 
 2.00 1.00 3.00  1.00 0.00 1.00 
 Holly pole density 9.85 18.45 
 0.00 0.00 0.00  3.00 0.00 13.00 
 Large pine density 9.33 14.19 
 3.00 1.00 6.00  0.00 0.00 3.00 
 Pole density 5.68  
 13.00 3.00 47.00  27.00 15.00 50.00 
 Forb cover (%) 5.55   2.52 0.00 10.08  0.00 0.00 2.52 
 Small living tree density 5.40   4.00 2.00 7.00  9.00 6.00 11.00 
 Canopy height (m) 4.31   22.67 20.53 25.13  21.40 20.07 25.80 
 Grass cover (%) 2.66   22.68 7.56 47.87  22.68 7.56 40.31 
 Large living tree density 2.50   6.00 4.00 8.00  5.00 2.00 6.00 
Open 
Forest 
Medium/large snag 
density 43.85 54.62 
 2.00 1.00 3.00  0.00 0.00 1.00 
 Canopy cover (%) 20.99 45.38  61.98 44.53 70.05  74.22 63.54 86.46 
 Living tree basal area 7.69   10.28 5.15 15.74  16.43 8.72 25.43 
 Canopy height (m) 7.32   22.93 21.13 24.80  22.93 21.63 26.53 
 Sapling cover (%) 5.22   25.20 15.12 47.87  15.12 7.56 32.75 
 Medium living tree 
density 2.90  
 0.00 0.00 1.00  1.00 1.00 3.00 
 Small living tree density 2.17   0.00 0.00 2.00  2.00 0.00 4.00 
 
 
 
 
 70 
TABLE 4.  Relative influence of habitat variables on red-headed woodpecker nest-site selection 
at the tree scale from our BRT models for each cover type.  Relative influence values are 
provided for predictors that contributed >2% of the relative influence for the full models.  All 
retained variables are reported for the final, simplified models.  We also provide the median, first 
and third quartiles for continuous variables. 
  Relative influence (%)  Nest  Available 
Cover 
Type Variable Full Simplified 
 Median q1 q3  Median q1 q3 
Wetland Tree bark (%) 47.25 61.64  10.00 0.00 10.00  70.00 20.00 90.00 
 Tree dbh (cm) 21.97 38.36  37.60 34.15 44.70  29.20 20.60 37.10 
 Tree height (m) 16.66   15.90 10.20 19.15  10.60 8.40 15.50 
 No. of branches 11.07   0.00 0.00 1.00  2.00 0.00 8.00 
 Tree Fungi 2.77          
Closed 
Forest Tree bark (%) 45.70 55.68 
 10.00 5.00 20.00  80.00 40.00 100.00 
 Tree dbh (cm) 37.53 44.32  34.10 30.70 44.00  21.80 16.10 32.00 
 Tree height (m) 13.10   18.40 13.40 21.60  11.20 6.40 17.40 
Open 
Forest Tree bark (%) 46.53 55.67 
 20.00 5.00 50.00  100.00 80.00 100.00 
 Tree dbh (cm) 22.14 44.33  36.15 29.45 41.33  23.00 15.40 33.60 
 Tree top condition 14.22  
        
 Tree Fungi 9.82          
 Tree height (m) 6.00   15.10 11.38 20.05  13.20 9.20 19.50 
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FIGURE 1.  A theoretical diagram of breeding habitat selection for a hypothetical focal species 
that is widely distributed and uses multiple cover types.  Most breeding habitat studies focus on a 
single cover type within a locality (A).  When clinal variation within a cover type exists, findings 
from individual studies present a biased representation of habitat selection, and may not 
generalize to broader regions.  Multiple studies conducted over a wide geographic range are 
required to fill out our understanding of breeding habitat selection within that specific cover 
type.  In (B), the range of potential breeding habitat is represented by the square frame.  Each 
 72 
cover type accounts for a portion of the total potential habitat, with some overlapping habitat 
characteristics among cover types.  In complex landscapes that contain disparate cover types, a 
large extent of the potential habitat for the focal species may be present in a single study site.  
Comparing breeding habitat among cover types expands our knowledge of the extent of variation 
in breeding habitat selection for the focal species, represented in (B) by the combined perimeter 
of the colored circles.  Identifying breeding habitat characteristics that are shared among all 
cover types, located in the center of the Venn diagram in (B), reveals factors that facilitate 
breeding (F.F.) generally, regardless of habitat context. 
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FIGURE 2.  Map of the field site at Fort A.P. Hill (FAPH) military installation in Caroline 
County, Virginia, USA.  Training areas (TA) selected for use in this study are colored, showing 
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their cover type composition.  Extent indicator in the bottom left shows FAPH TAs within 
Caroline County. 
 
 
 
 
 
 
FIGURE 3.  Boxplots of selected patch scale variables show the distinct structure of cover types 
at the canopy, understory and ground levels.  Notches extend 1.58 * IQR / √(n), giving roughly 
95% confidence intervals for comparing medians.  Data is pooled from vegetation surveys 
conducted at nest and available patches. Variable descriptions are in Table 1. 
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FIGURE 4.  Photo exemplars representing habitat gradients both within and among cover types.  
Wetland cover varied from small, open-canopy beaver-impounded wetlands surrounded by 
mature forest (W-1) to larger, open grassy wetlands (W-2) and large impoundments, often with 
high snag density (W-3).  Closed forests exposed to fire, either hardwood (CF-1) or pine 
plantations (CF-2) often had more small canopy gaps, a reduced understory and less ground 
cover, in contrast to unburned mature stands (CF-3).  Open forests included fire-maintained oak 
savannas (OF-1), fire-disturbed mixed forests with dense shrub layers (OF-2) and young, sparse 
loblolly pine stands. 
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FIGURE 5.  Nest cavity height is maximized in shorter trees, but varies widely as nest tree 
height increases. Shorter trees typically had broken crowns (circles) while taller trees had intact 
crowns (triangles). Neither tree height nor cavity height differed among cover types (wetland = 
blue, closed forest = green, open forest = yellow).  Lines represent back-transformed 
predictions—dashed line for trees with broken crowns, solid line for trees with intact crowns—
from our regression model: Cavity distance from tree top1/2 (m) = 0.0459 * nest tree height (m) – 
1.050 broken top + 1.599. 
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FIGURE 6.  Red-headed woodpeckers oriented their cavities in a non-random way, avoiding 
north orientation.  Orientation of the nest cavity is plotted in decimal degrees for each nest.  Bar 
height is proportional to the number of observations in each orientation bin (binwidth = 20º).  
Cover type of the nest patch is color-coded, indicating cavity orientation did not differ among 
cover types. 
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FIGURE 7.  Partial differential plots show the marginal effect of predictor variables on the 
probability of a nest patch being selected by a red-headed woodpecker.  The BRT models are 
coded by color for each cover type. Predictors that were retained in models for multiple cover 
types are plotted together for ease of comparison. 
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FIGURE 8.  Partial differential plots show the marginal effect of predictor variables on the 
probability of a nest tree being selected by a red-headed woodpecker.  The BRT models are 
coded by color for each cover type. Predictors that were retained in models for multiple cover 
types are plotted together for ease of comparison. 
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APPENDIX A 
TABLE 5.  Relative influence of habitat variables on red-headed woodpecker nest-site selection 
at the landscape scale from our BRT models for each cover type.  Models at this scale performed 
poorly, and should be interpreted cautiously, if at all.  Relative influence values are provided for 
predictors that contributed >2% of the relative influence for the full models.  All retained 
variables are reported for the final, simplified models.  We also provide the median, first and 
third quartiles.  Parenthesis that follow the variable name indicate the scale at which that feature 
was quantified (e.g. within either a 100 m or 200 m-radius from the nest or availability point). 
  
Relative influence 
(%)  Nest   Available 
Cover 
Type Variable Full Simplified   Median q1 q3   Median q1 q3 
Wetland Shannon's diversity (200m) 37.14 57.69  0.81 0.69 0.98  0.63 0.41 0.90 
 Open forest area (ha) (200m) 22.82 42.31  1.50 0.29 1.93  0.00 0.00 2.26 
 Wetland area (ha) area (ha) (200m) 18.31   3.02 2.06 5.01  1.99 1.73 3.73 
 Largest patch index (100m)         6.36   57.30 51.72 74.21  58.41 51.95 70.45 
 Wetland area (ha) (100m)     4.63   1.34 0.69 1.62  1.00 0.81 1.58 
 Shannon's diversity (100m)  2.63     0.69 0.59 0.76   0.68 0.62 0.79 
Closed 
Forest Open forest area (ha) (200m) 20.22 28.48  2.14 0.00 4.02  1.40 0.00 3.02 
 Wetland area (ha) (200m)     15.96 27.04  0.00 0.00 1.67  0.19 0.00 1.72 
 Closed forest area (ha) (100m) 14.48 23.40  2.57 1.89 3.14  2.54 1.87 3.14 
 Shannon's diversity (200m)  9.33 21.09  0.50 0.11 0.72  0.50 0.16 0.67 
 Largest patch index (100m)         7.45   81.88 61.62 100.00  83.92 67.88 
100.0
0 
 Wetland area (ha) (100m)     6.49   0.00 0.00 0.09  0.00 0.00 0.64 
 Largest patch index (200m)         6.23   80.74 56.32 97.70  80.22 65.63 96.21 
 Open forest area (ha) (100m) 5.13   0.02 0.00 0.79  0.00 0.00 0.77 
 Closed forest area (ha) (200m) 4.48   10.09 6.91 12.28  10.05 7.92 12.09 
 Shannon's diversity (100m)  4.37     0.47 0.00 0.68   0.44 0.00 0.63 
Open 
Forest Closed forest area (ha) (200m) 30.65 32.16  4.69 3.57 5.86  6.64 4.90 8.92 
 Proportion of open cover (200m)   18.05 24.23  0.63 0.53 0.72  0.47 0.29 0.61 
 Open forest area (ha) (200m) 15.92 23.00  7.64 6.44 8.95  4.83 3.28 6.96 
 Open forest area (ha) (100m) 11.98 20.61  2.55 1.98 2.96  1.97 1.02 2.52 
 Largest patch index (200m)         6.29   63.05 56.06 72.16  66.57 54.94 74.85 
 Largest patch index (100m)         4.31   82.51 63.66 94.61  74.02 63.03 83.45 
 Shannon's diversity (100m)  3.64     0.46 0.22 0.66   0.57 0.45 0.67 
